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INTRODUCTION 
It is known that failure of adhesive joints can occur either in the bulk region of 
an adhesive layer (cohesive mode) or along an interface between the adhesive and an 
adherent (interfacial or adhesion mode). Properly manufactured adhesive joints fail in 
the cohesive mode, while after environmental degradation the failure mode becomes 
predominantly interfacial. Therefore we conclude that humid environments affect mostly 
the interfacial region of a joint. This indicates the importance of non-destructive as-
sessment of interface properties. While methods of cohesive property evaluation have 
progressed significantly, much more effort is required to develop interface evaluation 
methods. A development of this type is undertaken in this work. 
Different methods have been proposed in the past for interface evaluation in ad-
hesive joints [1-12]. In our recent studies [9,10,11,12] we developed an angle beam 
spectroscopic method for interface evaluation. Interfacial effects have been studied 
on samples with controlled interfacial properties, where thin layers of epoxy with dif-
ferent amounts of curing agent were applied between the polymer layer (adhesive) and 
the substrates. The viscoelastic properties of the interphasiallayer have been deter-
mined using a multilayered model of the adhesive joint [11]. 
In this paper we focus on evaluating environmentally degraded adhesive joints 
exposed to a saturated NaCI solution at 6SoC under stress. Ultrasonic measurements 
were made using the angle-beam ultrasonic reflection technique [9]. As shown below, 
several parameters of the reflected ultrasonic signal in the frequency domain can be 
used as indicators of joint degradation. We will demonstrate that the ultrasonic sig-
nature is related to the mode of failure and thus to the lap shear joint strength deter-
mined by static tests. A simple approach to monitoring and predicting adhesive joint 
life expectancy is also proposed. 
EXPERIMENTAL APPROACH 
Single lap shear joints were prepared using 1.60 mm thick Alclad 2024-T3 alu-
minum alloy, FM-73 adhesive film, and BR-127 primer according to aircraft specifica-
tions. The whole procedure is described in detail in [13]. I" and 3/4" wide samples 
were used in our experiments. The mechanical tensile tests on the samples were per-
formed with an Instron machine at a free crosshead speed of 1.3mm (0.05 in.)/min 
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as described in ASTM D 1002. It was shown that the initial strengths of the adhesive 
joints are almost the same for different samples in the prepared sets. 
The service environment always includes stress, temperature and humidity. Ide-
ally, evaluation of environmental degradation of adhesive joints should be done in the 
natural environment. However, we chose accelerated aging, requiring the joints to fail 
in 1-3 weeks. An Alcoa aluminum stressing fixture was used to apply the load on a sin-
gle lap adhesive joint in an environmental-degradation experiment. The experiments 
indicated that in saturated NaCI solution at 68°C under 800 lb load (for 3/4 in. wide 
samples) or 1000 lb load (for 1 in. wide samples) the joints would be broken within 
one to several weeks. These conditions were selected for further experiments. It was 
shown that although the original strength of the samples is the same, their lifetime 
varies greatly and is hardly predictable. This shows the necessity for nondestructive 
assessment of the state of the joints during service. 
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Fig. 1. Water uptake by adhesive joints aged in saturated salt water at 68°C. Solid 
circles are for 1 inch wide samples under 1000 lb load and open circles are for 3/4 inch 
wide samples under 800 lb. 
Water Uptake By Adhesive Joints 
It is important to separate the effects on the ultrasonic signal of water presence 
in the adhesive, which can be reversed, from the effects of adhesive/adherent interface 
damage, which permanently reduces joint strength. For this purpose we investigated 
the effect of water diffusion into the adhesive joint ( Fig. 1 ) simultaneously with ul-
trasonic and mechanical measurements. The weights of the joints were measured after 
different times of exposure. To exclude the effect of substrate corrosion the weights of 
the primed aluminum coupons, which are identical in size to those used for adhesive 
bonding, were also measured. The water uptake by an adhesive joint was obtained by 
subtracting the weight increment of two primed aluminum coupons from the weight 
increment of the adhesive joint. It can be seen in Figure 1 that the water saturation 
time for 1 inch wide samples under 1000 lb load and for 3/4 inch wide samples under 
800 lb load is about 50 hours, which indicates that the diffusion time is limited by the 
sample overlap length of 0.5in. 
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Fig. 2. Arrangement for ultrasonic measurements. (a) schematic of an ultrasonic 
goniometer. (b) ultrasonic experimental system. 
Ultrasonic Measurements 
Ultrasonic measurements were performed before and during environmental degra-
dation using a specially developed ultrasonic goniometer [9,12], which can focus an 
obliquely incident ultrasonic wave on the adhesive-adherent interface ( Fig. 2(a) ). The 
goniometer is unique in its ability to measure reflected interfacial signals at various 
incident angles with only one transducer. The experiments have been done using an 
ultrasonic experimental system shown in the Fig. 2(b). 
RESULTS AND DISCUSSION 
Two different experimental studies were undertaken. In the first study the ad-
hesive joint samples were exposed in an environmental bath for different lengths of 
time. After exposure the samples were unloaded from the stressing fixture and mea-
sured ultrasonically. Then the samples were broken in the lap shear tensile test and 
the percentages of interfacial failure determined. This study aimed to relate the ultra-
sonic signature to mode of failure and adhesive joint strength reduction. 
In the second study samples were kept in the environmental bath under load until 
failure occurred. During the process of exposure each such sample was periodically 
evacuated from the bath for ultrasonic measurement without being unloaded from the 
stressing fixture. The aim of this study was to relate the ultrasonic signature to the 
residual life of the joint in the environment. 
Mode of Failure of Adhesive Joints. Ultrasonic Assessment of Joint Strength 
The results of the first experimental study are discussed in this section. Properly 
prepared adhesive joints failed cohesively under the lap shear tensile test. The fail-
ure mode becomes interfacial after severe environmental degradation. The interfacial 
mode of failure in environmentally affected samples is due to accumulation of a critical 
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Fig. 3. An example of measured reflected spectra from the interface before (solid line) 
and after (dashed line) degradation for two different samples: a) measured fraction of 
the interfacial mode of failure after tensile test is 3%, (b) 57%. 
concentration of water in the interfacial region. This process is governed by the rate 
of diffusion of water through the bulk of the adhesive and primer and is accelerated by 
high temperature and applied load. Loss of integrity in the interfacial region occurs 
due to rupture of interfacial bonds and hydration in oxide layers [14]. 
To relate the degree of joint degradation to the ultrasonic signature we performed 
ultrasonic measurements on different samples before and after their exposure in NaCI 
solution at 68°C under 800lb load. The angle of shear wave incidence on the aluminum/ 
adhesive interface was selected to be 36.82°. After the tensile test the mode of failure 
was investigated. As an example in Figure 3 reflection spectra before ( solid line) and 
after ( dashed line ) exposure are shown (percentages of the joint areas failing in the 
interfacial mode are also indicated). In the first sample the interface was not affected 
strongly by the exposure and as a result only three percent of the failure occurred 
along adhesive/adherent interface. A small shift of the frequency minimum in the pos-
itive direction was observed for this sample. In the second sample 57% of the failure 
mode observed was interfacial indicating significant degradation of the interface. This 
was accompanied by a strong shift of the minimum in the negative direction. 
Experimental results for all samples investigated are collected and shown in Fig-
ure 4. The relation between the fraction of the interfacial failure area and the fre-
quency minimum shift of the reflected signal is shown. In Figure 4 it can be seen that 
the negative frequency shift of the ultrasonic minimum increases as the percentage of 
interfacial failure area increases. The downshift of the frequency minimum is related 
to interfacial failure and indicates change in the interfacial properties of the adhesive 
joint. The relation between the failure loads of the samples and the fraction of inter-
facial failure area is shown in Figure 5. The larger the area of the interfacial mode of 
failure, the lower the failure load of the joint. One can divide the samples into two 
groups with failure loads above and below 2160 lb. One group, in which the samples 
retain more than 90% of their original strength, is located in the lower right of the 
figure. Samples in this group have small interfacial failure areas. The samples in the 
other group, located in the upper left of the figure, have larger interfacial failure areas 
and lower failure strengths. Different modes of failure dominate in the different groups 
as indicated in the figure. 
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FigA. Frequency shift of the second minimum in ultrasonic reflection from an adhesive 
joint interface as a function of interfacial failure area on fractured joint surface. 
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Fig. 5. Relation between failure loads and interfacial failure areas on fractured surfaces 
of joint samples. 
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Fig. 6. Frequency shifts of the reflection spectrum minimum due to exposure 
in saturated NaCI solution under 1000 lb load at 68°C. Different stages of water attack 
are shown. 
Thus one can conclude that the shift of the reflection spectrum minimum to lower 
frequencies is due to interface degradation which is accompanied by increase of the in-
terfacial mode of failure ( Fig. 4 ). The residual strength of the exposed joints depends 
on the interface degradation ( Fig. 5 ) and thus can be monitored through changes in 
the ultrasonic spectrum. 
Evolution of the Ultrasonic Reflection Spectrum During Joint Degradation. 
Joint Life Assessment 
The results of ultrasonic measurements performed during sample degradation are 
collected in Figure 6. The sample failed in the fixture at about 60 hours of exposure. 
Since it was under 1000 lb load this is its failure load. The frequency shift of this mini-
mum is shown. One can see that in the first stage of exposure the frequency minimum 
shifted upwards ( compare to Fig. 3(a) ). Then it was constant for about 40 hours, 
followed by a significant drop after 45 hours, i.e. after 70% of the lifetime ( compare 
to Fig. 3(b) ). Fractographic analysis of the failed sample shows that it failed mostly 
in the interfacial mode with a large area of clean Ah03 surface which can be clearly 
recognized by the color change of the light reflected from the sample fracture surface 
viewed through a polarizing optical filter. 
To explain the time dependence of the frequency shift, note that the corrosion in-
hibiting primer BR-127 prevents water diffusion. Thus the moisture diffused through 
the bulk adhesive. At this stage, due to inhomogeneity of the primer some of the in-
terfacial regions became affected by water attack. For this reason the strength of the 
adhesive joint decreased and the failure mode appeared as mixed, though dominated 
by cohesive failure. During the next stage water attacked the entire interfacial region. 
This was followed by hydrolysis of interfacial covalent bonds and rupture of interfa-
cial secondary bonds, which causes significant mechanical weakening of an interfacial 
region resulting in interfacial failure (after 64 hour exposure). Weakening of the inter-
face was accompanied by the negative frequency minimum shift and since it preceded 
the failure the phenomenon can be used for failure prediction. 
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Fig. 7. A model of an adhesive aluminum-to-aluminum joint for ultrasonic evaluation. 
Theoretical Model 
Based on the given description of the degradation process we propose to model 
the interphase as a nonhomogeneous layer consisting of two different phases: "strong" 
with stiff non-degraded primer and "weak" corresponding to the degraded part of an 
interphase with lower stiffness. We suppose that degradation starts with development 
of numerous "weak" spots with size much smaller than a wavelength. Therefore the in-
terface can be modeled as a composite layer. The material of the matrix is the same as 
in the primer adhesive while that of the second phase is a viscoelastic material char-
acterized by a relaxation time T ( Fig. 7 ). To perform computer simulations we re-
fined the layered adhesive joint model [12] by incorporating, instead of a homogeneous 
weak boundary layer ( WBL ), the nonhomogeneous interphasiallayer with "weak" 
second phase. The model includes aluminum adherents, layers of aluminum oxide, 
composite viscoelastic interphasiallayers, and epoxy. Interface weakening is simulated 
by increase in the "weak" phase fraction ( increase of the degraded area). The ef-
fective elastic properties of the composite layer were calculated using Christensen's 
model [15]. 
In Figure 4 the dependence of frequency shift, ~f, on the fraction of "weak" spots 
area ( degraded area) is shown by a solid line, shown together with the experimental 
data. The slope of the experimental data gives for the second phase relaxation param-
eter WT ~ 0.2. The proposed interface model gives a reasonable explanation of the 
negative frequency shift in terms of the increase of the degraded area. 
The experimentally observed initial positive frequency shift ( Fig. 3(a) and 4) is 
the result of changes in the bulk adhesive due to water uptake. 
CONCLUSION 
Degradation of adhesive joints of aluminum plates was performed in saturated 
NaCI solution under load at 68°. It was found that the strength of the joints changed 
significantly in this environment. The lifetime of a joint sample depended on load 
level and temperature, and varied significantly between samples although the initial 
strengths of the adhesive joints were the same. Cohesive failure in the adhesive joints 
was observed for non-exposed samples; partially cohesive and partially interfacial fail-
ure was found for samples in the early stages of degradation; and interfacial failure 
took place in severely degraded samples. 
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It is found that the frequency minimum shift in the spectrum of the reflected ul-
trasonic signal is related to the mechanical properties and strengths of the adhesive 
joints. This shift is more sensitive to property changes in the adherent/adhesive inter-
face than to those in the bulk adhesive due to water uptake. The shift of the minimum 
to the lower frequencies is related to the fraction of interfacial failure area and thus is 
a measure of interface degradation. The method may be useful for estimating the life 
expectancy of adhesive joints in service. 
Based on the given physical description of joint degradation a model of an adhe-
sive joint with nonhomogeneous interphase structure is proposed. The adhesive/adherent 
interphase is represented as a composite layer consisting of two different phases: "weak" 
and "strong". The "weak" phase corresponds to the degraded area at the interface. 
Computer simulations show good agreement between the predictions of the model and 
the experimentally observed negative frequency shifts in the spectrum of the reflected 
signal. 
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